Introduction room temperature; however, there have been only three reports published on the analysis of allicin degradation prodMost commercial garlic (Alliwn sativum L.) ucts by HPLC. In 1986 Voigt and Wolf (2) and very recently preparations can be put into four main categories: oils of Iberl et al. (16) reported the analysis of the diallyl di-and steam-distilled garlic, garlic macerated in vegetable oils, trisulfides, methyl allyl trisulfide, the vinyldithiins, and garlic powder tablets, and gelatinous suspensions of garlic ajoene in oil-macerates of garlic using reversed-phase
Abstract
The content of dialk(en)yl thiosulfinates, including allicin, and their degradation products has been determined by high performance liquid chromatography (HPLC), using the respective determined extinction coefficients, for a number of commercially available garlic products. Quantitation has been achieved for the thiosulfinates; diallyl, methyl allyl, and dimethyl mono-, di-, tn-, tetra-, penta-, and hexasulfides; the vinyldithiins; and (F)-and (Z)-ajoene. The thiosulfinates were found to be released only from garlic cloves and garlic powder products. The vinyldithiins and ajoenes were found only in products containing garlic macerated in vegetable oil. The diallyl, methyl allyl, and dimethyl sulfide series were the exclusive constituents found in products containing the oil of steam-distilled garlic. Typical steam-distilled garlic oil products contained about the same amount of total sulfur compounds as total thiosulfinates released from freshly homogenized garlic cloves; however, oil-macerated products contained only 20% of that amount, while garlic powder products varied from 0 to 100%. Products containing garlic powder suspended in a gel or garlic aged in aqueous alcohol did not contain detectable amounts of these non-ionic sulfur compounds. A comparison of several brands of each type of garlic product revealed a large range in content (4-fold for oil-macerates and 33-fold for steam-distilled garlic oils), indicating the importance of analysis before garlic products are used for clinical investigations or commercial distribution.
HPLC. Miething (17) has also reported the use of reversedphase HPLC to determine the diallyl di-and trisulfide content in the oils of steam-distilled garlic.
We now report the identification and quantitation of over 95 weight % of the non-ionic sulfur compounds found in a large number of commercial garlic products, using the non-destructive method of HPLC analysis.
Materials and Methods Preparation of standards
Dialk(en)yl sulfides Diallyl di-, tn-, and tetrasulfides were isolated by fractional distillation under high vacuum from commercial (Aldrich, Milwaukee, WI) crude diallyl disulfide. Pure diallyl sulfide, methyl allyl sulfide, dimethyl disulfide, diethyl disulfide, and dipropyl disulfide were purchased from Aldrich. Methyl allyl, propyl allyl, and propyl methyl disulfides were synthesized as described previously (8) . Methyl allyl trisulfide was obtained by fractional distillation under high vacuum from the undiluted oil of steam-distilled garlic (Quest International, Elk Grove Village, IL). The distillate contained both methyl allyl trisulfide and diallyl trisulfide, which were separated by semi-preparative HPLC. Dimethyl tn-, tetra-, penta-, and hexasulfides were prepared simultaneously by heating a mole of dimethyl disulfide with four moles of sulfur and 0.16 moles of dibutylamine at 75°C for 4 has described by Oaks et al. (5). After acid washing and dichloromethane extraction, the individual dimethyl sulfides were separated on Whatman PLKCI8F C15-TLC plates using methanol/water (100/10) and rapid extraction (due to the high volatility of dimethyl trisulfide) with dichioromethane.
Pure dimethyl tetrasulfide (R1= 0.47) and dimethyl pentasulfide (Rf = 0.39) were obtained, but only crude dimethyl trisulfide was obtained. Mixtures of the diallyl and methyl allyl oligomeric sulfides were prepared similarly, starting with diallyl disulfide and methyl allyl sulfide, respectively. trans-1-Propenyl allyl and trans-i-propenyl methyl disulfides were prepared from the respective thiosulfinates isolated from cold-stored garlic (8) by treatment with aqueous sodium hydroxide (pH 11) (10).
Identity of diallyl tn-and tetrasulfide as well as methyl allyl trisulfide was verified by mass spectrometry using direct probe injection and was found to coincide with previously reported mass spectral data (13) (14) (15) . All other diallyl, dimethyl, and
Number of sulfur atoms (Sn) methyl allyl sulfides were identified by a perfectly linear (R >0.999) plot of log (retention time minus retention time of mobile phase) versus the number of sulfur atoms for compounds with two or more sulfur atoms (see Fig. 1 ).
Vinyldithiins
The vinyldithiins (2-vinyl-4H-1,3-dithiin and 3-vinyl-4H-1 ,2-dithiin) were prepared by incubation of purified allicm (prepared as reported in 8) in hexane for 1.5 hat 45°C. The two isomers were separated and purified by Si-TLC in hexane (R of 1,3-isomer = 0.18, 1,2-isomer = 0.47), extracted with dichloromethane, rotary evaporated, weighed, and dissolved in acetonitrue. They were identified by GC/MS at a molecular mass of 144. The 1,3-isomer was distinguished from the 1,2-isomer by the predominance of the 1,3-isomer as reported by others (4, 18). The UV spectra of both isomers are shown in Fig. 2 .
Ajoenes (E)-Ajoene was prepared as described by Block et al. (6, 14) by incubating a 2% solution of allicin in acetone/water (3/ 2) at 80°C for 10 h, which gave an fIZZ ratio of 8. (E)-Ajoene was separated from (Z)-ajoene and other sulfides on a silica gel column.
After washing the column with 40% ethyl acetate in hexane, the (E)-ajoene was eluted with 100% ethyl acetate and found to be over 95% pure. (Z)-Ajoene was similarly prepared, but in 100% acetone, which gave an E/Z ratio of 2. After column purification (80% Z, 20% F), (Z)-ajoene was further purified to over 95% on a 
Dialk(en)yl thiosulfinates
Diallyl, allyl methyl, methyl allyl, trans-i-propenyl allyl, and allyl trans-1-propenylthiosiilfinates were isolated, identified, and quantitated as previously described (8) .
Extraction of samples
The sulfides in products comprised of oil-macerates of garlic were quantitatively extracted from the oil (usually soybean oil) with 10 ml acetonitrile per gram. Extraction of the sulfides from steam-distilled garlic oil products required two 10 ml and the number ofsulfur atoms for dialk(en)yl sulfides containing two or more sulfur atoms. The correlation coefficient was greater than 0.999 for all three plots. Data points for Sn = 1 were not included in determining the lines or correlation coefficients, but are shown for information purposes. The correlation coefficients were the same for both the acetonitrile/water and methanol/water mobile phases. acetonitrile extractions to remove quantitatively the sulfides with four to six sulfur atoms. Other garlic products were extracted one time with 10 ml acetonitrile per gram of product.
The thiosulfinates were extracted with 10 ml of water per gram for the various garlic products or garlic clove
homogenates. Since many of the garlic products consist of oils and since the thiosulfinates are more soluble in organic solvents than in water, the efficiency of extracting thiosulfinates from soybean oil was determined. A solution of 0.6 weight % allicin in soybean oil was extracted once with ten ml water per gram of oil. An 89% recovery of the allicin resulted, indicating a good extraction efficiency.
Results and Discussion Spectral data
Since quantitation by HPLC-UV requires accurately known extinction coefficients, considerable effort was made to obtain pure compounds in amounts sufficient to measure gravimetrically (10-20 mg). This was achieved for all the compounds listed in Table 1 except for diallyl penta-and hexasulfides; methyl allyl tetra-, penta-, and hexasuffides; and dimethyl tn-and hexasulfides. Extinction coefficients for these compounds were extrapolated from a plot of extinction coefficients (mi/mg) versus the number of sulfur atoms for each series of sulfides. This plot was found to be linear at 240 nm when two or more sulfur atoms were present, although it was not linear at 2lOnm. The UV spectra of the dialk(en)yl sulfides revealed broad, single maxima at 200-215 nm which approached baseline levels near 24Onm (not shown). In contrast, secondary maxima were found for the vinyldithiins (227 nm for the 1,3-isomer and 232 nm for the 1,2-isomer) and the ajoenes (235 nm for the Z-isomer and 244 nm for the E-isomer) (see Fig. 2 ). Compounds eluting near each other by HPLC were generally easily identifiable by the 240/2lOnm ratios given in Table 1 . The extinction coefficients at 240 nm were virtually the same for the acetonitrile, methanol, methanol/water, and acetonitrile/water solvent systems, but considerable variation was found at 210 nm. Among the diallyl, methyl allyl, and dimethyl sulfides the extinction coefficients at 240 nm were similar for the same number of sulfur atoms for trisulfides and longer indicating that sulfur atoms were responsible for most of the longer wavelength UV absorption.
HPLC separation
Methanol/water systems (75-80% methanol) were initially used to separate the various dialk(en)yl sulfides by C13-HPLC; however, four pairs could not be separated using methanol: methyl allyl mono-and dimethyl disulfides, diallyl mono-and dimethyl trisulfides, methyl allyl tn-and dimethyl tetra suffides, and diallyl tn-and methyl allyl tetrasulfides. It was found that all the dialk(en)yl sulfides could be resolved with acetonitrile/ water/tetrahydrofuran (70/27/3), except for methyl allyl sulfide and dimethyl disulfide, which were separable from each other using methanol/water/tetrahydrofuran (50/45/ 5). Separation of the dialk(en)yl sulfides extracted from a typical steam-distilled garlic oil product is shown in Fig. 3 .
The vinyldithiins were well-separated from each other using either an acetonitrile (Fig. 4) or methanol based solvent system. (E)-and (Z)-ajoene, however, could only be resolved by normal phase HPLC using hexane/isopropanol (9 5/5) with a silica column as shown in Fig. 5 or with a cyanopropyl dimethylsilyl column. The dialk(en)yl thiosulfinates were separated by C18-HPLC in methanol/water (50/ 50), as reported previously (8) . a Weight detected in a steam-distilled garlic oil by GC-FID (which gives a constant response per weight of hydrocarbon for stable compounds) divided by the weight found by C18-H PLC using UV extinction coefficients listed in Table 1 .
Hewlett-Packard HP-i (cross-linked methyl silicone gum) capillary column Quantitation ofsulfides: HPLC versus gas chromatography Although capillary gas chromatography
has been frequently used to analyze the dialk(en)yl suffides, no sulfides with more than three sulfur atoms have generally been reported for steam-distilled garlic oils (11-14) or with more than four sulfur atoms for heated diallyl disulfide (15) . Since C18-HPLC clearly showed the presence of the tetra-, penta-, and hexasulfides (Fig. 3) , a quantitative comparison was made between the two methods ( Table 2) . Both polar and non-polar capillary columns of the same length and operated under the same conditions were compared to C18-HPLC. No dialk(en)yl sulfides with more than three sulfur atoms were detectable with a polar capillary column; however, the tetrasulfides were quantitatively detectable with a non-polar capillary column even though the elution temperature was greater than with the polar column. Only a partial response was found for the pentasulfides and an even lower response was found for the hexasulfides using the non-polar columns. Full responses were found for the vinyldithiins. Neither (E)-or (Z)-ajoene could be detected with either capillary GC column. Therefore, C18-HPLC has a great advantage over gas chromatography as an ambient temperature method for analyzing the thermally unstable compounds in processed garlic products.
Quantitation of the dialk(en)yl sulfides in steam-distilled garlic oil
Analysis of the sulfur compounds in typical steam-distilled garlic oils (produced commercially by dissolving the oil generated from steam-distilled garlic in soybean oil or other vegetable oils) is given in Table 3 . They were found to consist almost exclusively of diallyl (57 %), methyl allyl (37 %), and dimethyl sulfides (6%) containing one to six sulfur atoms, although trace amounts of the hepta-and octasulfides were also found. The di-, tn-, and tetrasulfides were the major compounds in each group and accounted for 92% of the sulfides. Also found were trace amounts of trans-1-propenyl allyl di-and trisulfides (see Fig. 3 ). The trans-1-propenyl sulfides are degradation products of the trans-1-propenyl thiosulfinates which have been shown to be released in only trace amounts from freshly-harvested garlic, but are released in much greater amounts from stored garlic (8) . Indeed, one brand of steamdistilled garlic oil was found to contain much higher amounts (9%) of the 1-propenyl sulfides (2.7% and 1.6% trans-and cis-1 -propenyl allyl disulfides, 1.8% and 1.2 % trans-and cis-1-propenyl methyl disulfides, 0.9% transplus cis-1 -propenyl allyl trisulfides, and 0.6% trans-plus cis-1-propenyl methyl tnisulfides) (not shown). No ajoenes, vinyldithiins, ethyl suliudes or propyl sulfides were found in steam-distilled garlic oils. The total sulfides found in typical steam-distilled garlic oils approximately equalled the total precursor thiosulfinates found in garlic clove homogenates (refer to totals shown in Tables 3 and 4), indicating little loss in processing.
Steam distillation (Labconco Rapid Distillation Unit, Kansas City, MO) of purified thiosulfinates in our own laboratory has shown that allicin (diallyl thiosulfinate) forms only diallyl sulfides, that methyl allyl thiosulfinate forms only methyl allyl sulfides, and that allyl methyl thiosulfinate forms diallyl sulfides, methyl allyl sulfides, and dimethyl sulfides. However, since the ratio of methyl allyl sulfides to diallyl sulfides in the commercial steam-distilled products is considerably higher (0.64) than typical ratios of allyl methyl plus methyl allyl thiosulfinates to allicin (0.15 to 0.4) found in garlic cloves (8) , it appears that some degradation of allyl groups to methyl groups occurs under the more severe conditions of industrial steam-distillation, as has Mean std. dev. per gram of product for brands B-F (see Table 4 ). Weight percent of total sulfur compounds. Mean std. dev. per gram of product for brands A-E (see Table 4 ). n = not detected. Limit of detection is 5 uglg product.
been indicated by others (14) . A scheme for the degradation pathways of allicin and allyl methyl thiosulfinates is shown in Fig. 6 .
Quantitation of the sulfides in oil-macera ted garlic products Oil-macerated garlic products (produced by homogenizing chopped garlic in soybean oil or other vegetable oils) contained primarily vinyldithiins (70%) as well as some dialk(en)yl sulfides (18%) and were the only type of garlic products found to contain ajoenes (12%) ( Table 3) . The vinyldithiins are the most easily formed degradation products of allicin and other allyl alk(en)yl thiosulfinates but are not formed by alkyl allyl thiosulfinates (8) . They are formed in high yield by simple incubation of allicin at 37°C or room temperature for several hours in most organic solvents. This occurs most rapidly in low-polarity solvents, such as hexane or soybean oil. Under the same conditions, lower yields of ajoenes are also produced. The profile of dialk(en)yl sulfides found in oil-macerates was considerably more restricted that those found in steam-distilled oils and was found to consist mainly of diallyl and methyl allyl trisulfides.
(E)-Ajoene was always found to be dominant over the Z-isomer, usually by about two-fold. We have found that fresh preparations of oil-macerated garlic yielded exclusively the Z-isomer, but that it gradually isomerized to give the E-isomer. An unknown compound (peak 3 in Fig. 5 ) with a UV profile characteristic of the ajoenes was consistently found in the oil-macerated prod- homogenates (8), it appears likely that the unknown compound is a methyl-substituted ajoene. Furthermore, its UVspectrum was similar to (E)-ajoerie with a second maximum at 243 nm and a 240/2 10 nm ratio of 0.82.
One surprising result of the analysis of oilmacerated garlic products was the finding that the oil-macerated products contained only 20% of the total sulfur compounds found in the steam-distilled products. In our own laboratory-produced oil-macerate of garlic, only 70% of the total non-ionic sulfur compounds produced by the garlic before oil-maceration could be accounted for after oil-maceration. Apparently, some highly volatile compounds are being lost during production, such as possibly thioacrolein (CH2=CH-CH=S), the allicin degradation product which reacts with itself to form the vinyldithiins (6).
Composition of various brands of garlic products
Several different brands of each major type of garlic product were purchased in a number of countries and analyzed for the content of sulfides and thiosulfinates (Table 4) . Considerable variation in content was found for all types of garlic products.
Aqueous homogenates of the garlic powder tablets and the heterogeneous mixtures, were the only product homogenates which contained allicin or any other thiosulfinate. However, the amounts of allicin and other thiosuffinates varied greatly among the different brands, such that no typical value was found. Assuming a garlic clove moisture content of 60 %, and no excipients, a garlic powder product could release an average of 9200 tg allicinlg; however, only about 50% of this value was found in the three best products. Most of the powder products released less than 20% of the achievable allicin level, while four of the products released less than 4% of the achievable allicin level. Apparently, widely different processing procedures are being used for preparing garlic powders, as recently discussed by Koch (1) .
A number of encapsulated garlic products were found which contained small amounts of garlic pow- tamed nearly the same amount of dialk(en)yl sulfides that would be represented from whole garlic. On the other hand, some companies (Brands G-J) added far less steam-distilled garlic oil than is represented in whole garlic. The low values found for these brands are not due to instability since we have found that the content of steam-distilled garlic products remains constant for at least two years at room temperature. All brands of steam-distilled garlic oil were very similar with respect to the percent composition of the various sulfides (see Table 3 for a typical example).
Even though the total content of sulfides in the oil-macerates was much less than in the steam-distilled oils, the amount of variation in total sulfides in the oil-macerates was not nearly as great as among the other types of garlic products. However, the variation was great enough to indicate significant differences in processing or storage conditions. When the same oil-macerated products were analyzed after six months storage at room temperature, it was found that the ajoene content had decreased about 50% while the vinyldithiins remained constant, indicating that the ajoenes are somewhat unstable.
A unique Japanese garlic product, prepared by incubating minced-garlic in 15 to 20% ethanol for 18 to 20 months, contained no detectable levels of allicin or allicin degradation products, perhaps due to evaporation loss over such a long period, since the thiosulfinates and most of their degradation products are volatile.
The great variation found in the content of all the garlic products indicates strongly the necessity of determining and declaring the content of sulfur compounds. While about one-third of the products tested released more than 2000 ig of thiosulfinates per gram of product, another one-third released less than 400 .tg. Only four of the 39 garlic products tested claimed a value for allicin or allicin degradation products. The isocratic C15-HPLC methods and UV extinction coefficients presented here provide a rapid and accurate means for analyzing the thiosulfinates and thiosullinate degradation products present in any garlic product.
